An altered liver microenvironment characterized by a dysregulated extracellular matrix (ECM) supports the development and progression of hepatocellular carcinoma (HCC). The development of experimental platforms able to reproduce these physio-pathological conditions is essential in order to identify and validate new therapeutic targets for HCC. The aim of this work was to validate a new in vitro model based on engineering three-dimensional (3D) healthy and cirrhotic human liver scaffolds with HCC cells recreating the micro-environmental features favoring HCC. Healthy and cirrhotic human livers ECM scaffolds were developed using a high shear stress oscillation-decellularization procedure. The scaffolds bio-physical/bio-chemical properties were analyzed by qualitative and quantitative approaches. Cirrhotic 3D scaffolds were characterized by biomechanical properties and microarchitecture typical of the native cirrhotic tissue. Proteomic analysis was employed on decellularized 3D scaffolds and showed specific enriched proteins in cirrhotic ECM in comparison to healthy ECM proteins. Cell repopulation of cirrhotic scaffolds highlighted a unique up-regulation in genes related to epithelial to mesenchymal transition (EMT) Cells 2020, 9, 83 2 of 16 and TGFβ signaling. This was also supported by the presence and release of higher concentration of endogenous TGFβ1 in cirrhotic scaffolds in comparison to healthy scaffolds. Fibronectin secretion was significantly upregulated in cells grown in cirrhotic scaffolds in comparison to cells engrafted in healthy scaffolds. TGFβ1 induced the phosphorylation of canonical proteins Smad2/3, which was ECM scaffold-dependent. Important, TGFβ1-induced phosphorylation of Smad2/3 was significantly reduced and ECM scaffold-independent when pre/simultaneously treated with the TGFβ-R1 kinase inhibitor Galunisertib. In conclusion, the inherent features of cirrhotic human liver ECM micro-environment were dissected and characterized for the first time as key pro-carcinogenic components in HCC development.
Introduction
ECM being the non-cellular component present within all tissues and organs provides not only essential physical scaffolding for the cellular constituents, but also initiates crucial biochemical and biomechanical signals. These signals are required for tissue morphogenesis, differentiation, and homeostasis. Indeed, the ECM is a highly dynamic structure that is constantly remodeled by cells that are constantly rebuilding and modifying the ECM through synthesis, degradation, and reassembly of its 3D structure. These processes are complex and need to be tightly regulated to maintain tissue homeostasis, especially in response to injury associated with chronic diseases, as a dysregulated ECM remodeling represents a key feature leading to disease progression [1] .
The idea of mutual interaction between ECM and cells has been always identified as key factor in orchestrating physiological and pathological conditions. However, it remains largely undefined whether extracellular support is to be seen as a passive structure or as a bioactive micro-environment affecting the cross-talk. Early two-dimensional (2D) cell culture technologies could not reproduce this complex 3D microenvironment, thus showing certain limitations when applied to disease modelling and drug discovery [2] . Consequently, technologies developed in recent years attempt to reproduce the tissue microenvironment by using 3D structures for cell culture. However, most of these technologies employ inert component materials with clear limitations in fully recapitulating human physiology and physiopathology, especially when studying the complex interactions regulating drug response in human diseases [3, 4] .
Hepatocellular carcinoma (HCC) is a primary malignancy, which arises mostly as a consequence of pre-existing chronic liver diseases due to chronic viral hepatitis, excessive alcohol consumption, metabolic, and immune-mediated diseases [5] . HCC has become one of the leading causes of cancer deaths worldwide and, regardless of the etiology, occurs predominantly in patients with advanced chronic liver disease/cirrhosis [6, 7] . Chronic hepatocellular necrosis, inflammation, oxidative stress, and dysregulated extracellular matrix (ECM) deposition are responsible for genetic alterations and deregulation of signaling pathways [8] [9] [10] , all favoring the development of HCC. Besides liver transplantation, resection, and loco-regional ablation, the pharmacological treatment of HCC is characterized by few options, which are reserved to the more advanced phase of HCC with still very limited success [11, 12] .
The discovery of pharmacological targets for the treatment of HCC has been traditionally carried out by employing in vitro experiments on HCC cell lines and animal models [13] .
The aim of this work was to overcome the current methodological limitations by establishing a new in vitro experimental platform based on engineering 3D normal or cirrhotic human liver ECM scaffolds with HCC cells in order to re-create the biochemical and biomechanical tissue microenvironment favoring the development and the progression of HCC. Thus, a key end-point of this platform optimization and evaluation was to investigate the cellular and molecular pathways of TGFβ1, a multifunctional cytokine provided with a dual pro-neoplastic action by promoting directly HCC development and progression, or indirectly by inducing a pro-inflammatory and pro-fibrogenic microenvironment and facilitating HCC immune escape [14] . In addition, TGFβ1 has been found to exert a tumor promoter function, which coincides with the progression of the tumor and the presence of EMT and metastasis [14] . Although the role of TGFβ1 has been extensively investigated with a focus on Smad (canonical) [14] and non-Smad (non-canonical) [15] signaling pathways, the impact of human ECM proteins, matricellular components, and their topology on the working mechanisms of TGFβ1 are still poorly defined.
Our findings demonstrate that healthy and cirrhotic ECM retained architectural, biochemical, and biomechanical features able to affect cell behavior and function with distinct patterns. In particular, these two platforms differed in terms of unique ECM components with specific bio-active cues and microarchitecture, which can dictate specific gene expression and signaling pathways leading to the activation of the EMT program as well as the response towards TGFβ1.
Materials and Methods
Detailed description of materials and methods can be found in the Supplementary Materials.
Decellularization Protocol for Healthy and Cirrhotic Human 3D Liver Scaffolds
Healthy and cirrhotic liver was obtained under local ethics from the UCL Royal Free BioBank Ethical Review Committee (NRES Rec Reference: 11/WA/0077). Informed consent was given by each patient taking part in the study [16, 17] . Native liver tissue (5mm × 5 mm × 5mm) was thawed in a water bath at 37 • C for 45 min followed by addition of 1mL of 1× phosphate buffered saline (PBS) and incubated for another 15 min at 37 • C. Tissues were transferred in decellularization solution and placed in QIAGEN TissueLyser II and frequency of oscillation was set at 30 Hz. Tissue decellularization was achieved by several cycles of agitation in decellularization solutions such as deionized water (Milli-Q ® ultrapure water, VWR, Leicestershire, UK) reagent mixture (detergents and enzyme), and PBS. The same concentrations were used for both healthy liver (unsuitable for liver transplantation) and cirrhotic liver tissue (explant primary sclerosing cholangitis), however the protocols were optimized according to the tissue and cycles were repeated according to the saturations of detergents (solution turns darker due to the debris) (Supplementary Materials Table S1). Immunohistochemistry was performed against Collagen type I, collagen type III, collagen type IV, fibronectin, and laminin (Supplementary Materials and Table S2 ).
Scanning Electron Microscopy (SEM)
Samples were fixed in 2.5% glutaraldehyde. Next, samples were washed 3 times with 1% PBS, placed in a 0.5% PBS solution containing 25% sucrose and 10% glycerol for 2 h, and then snap frozen in liquid nitrogen and processed for SEM as previously described [16, 17] (Supplementary Materials).
Second Harmonic Generation (SHG) and Imaging
Briefly, both native tissue and decellularized liver scaffolds were cryoprotected and sections were then set in a mold and covered in OCT cold embedding media and frozen as previously described [17] (Supplementary Materials).
Atomic Force Microscopy (AFM)
Sample preparation: Tissue samples for AFM measurement were prepared by taking tissue slices from a cube of liver tissue as previously described [16, 17] (Supplementary Materials).
Collagen Proportionate Area Analysis
The collagen proportionate area (CPA) was measured as described previously [18] . Briefly, image capture was accomplished with a Canon Powershot A640 digital camera and digital image analysis (DIA) used a visual basic script for Zeiss Axiovision (version 4.8.2., Carl Zeiss Ltd., Cambridge, UK). The algorithm uses a binary segmentation of RGB color channels to distinguish liver tissue from collagen and an editing step was included. This allows manual editing of confounding artefacts such as major blood vessels and liver capsule. The collagen proportionate area was calculated as the area occupied by the collagen as a proportion of the area of the whole parenchyma and expressed as a percentage [18] .
Proteomic Analysis
Protein extraction, separation, and in-gel protein digestion: Proteins were extracted from healthy and cirrhotic liver tissues before and after the decellularization process, for every 3 biological repeats processed in triplicate. Mass spectrometry and protein analysis was performed as previously described [19] (Supplementary Materials).
Bioengineering
Cell culture: Hep G2 ATCC ® HB-8065 were cultured using Gibco™ Minimum Essential Media supplemented with 10% fetal bovine serum, Penicillin-Streptomycin Gibco™ 1:100, 0.1 mM/L non-essential amino acids, 1.0 mM/L sodium pyruvate i.e., complete culture medium. Sterilization of liver scaffolds was performed as previously described [17] .
Recellularization: The sterilized liver scaffolds were placed in a 48-well plate and incubated overnight in 1.4 mL of complete culture medium in a humidified incubator at 37 • C, 5% CO 2 (day -1). Scaffolds were repopulated with cells (2 × 10 6 in 20 µL) using the drop-on technique [17] . The cultures were placed in a humidified incubator at 37 • C and 5% CO 2 . After 3 h of incubation, 1.4 mL of complete media was added to each well (day 0). Cell culture media was changed and collected every 3 days for further analysis.
Treatment: HepG2 cells grown on both types of 3D scaffolds were treated on day 7 with: (1) TGFβ1 (5-10 ng/mL, R&D SYSTEMS); (2) simultaneously treated with TGFβ1 and TGFβ-R1 kinase inhibitor Galunisertib (10 µM); or (3) pretreated with TGFβ1 for 6 h followed by TGFβ-R1 kinase inhibitor Galunisertib (10 µM) (LY2157299 Selleck Chemical) up to 48 h. Next, cell culture medium was collected and stored at −80 • C, whereas 1 scaffold of each condition was prepared for histological analysis and 4 scaffolds were snap-frozen and stored at −80 • C for further analysis.
Gene Expression
EMT RT2 Profiler PCR Array: Total RNA was extracted using TRIzol reagent and RNeasy Universal Mini Kit (Qiagen, Manchester, UK) according to the manufacturer's guidelines and Supplementary Materials.
Protein Synthesis and Secretion
Intracellular protein analysis: The repopulated snap-frozen scaffolds were washed in PBS1X and cells were lysed by placing scaffolds in radio-immunoprecipitation assay buffer (RIPA Buffer, Sigma Aldrich, Dorset, UK) [20] with 5 mm diameter stainless-steel bead magnetic beads (Qiagen). The tubes were agitated for 5 min at full speed (50 cycles per second) using the TissueLyser (Qiagen). Total proteins were measured via micro-bicinchoninic (BCA) assay (Pierce, Rockford, IL, USA) and stored at −80 • C for further analysis [20] . A 7-plex signaling assay for cell lysates was obtained by combining the TGF-β Signaling 6-plex Magnetic bead kit (48-614MAG), with a total β-tubulin Magnetic bead MAPmate (46-713MAG) for normalization according to the manufacturer's guidelines and detailed described in Supplementary Materials. Acellular scaffold protein extraction: Scaffolds were washed in PBS1X and lysed as described above. Samples were incubated on ice for 15 min and then centrifuged at 4 • C for 15 min at 14,000 rpm. The supernatant containing the protein lysate was recovered and total proteins were measured via micro-bicinchoninic (BCA) assay (Pierce, Rockford, IL, USA), Western blot analysis was performed with anti-TGF beta 1 antibody (ab92486, Abcam), and quantitative densitometric analysis was performed as previously described [21] .
TGFβ1 release in acellular scaffolds. Extracellular TGFβ1 levels in the culture media were measured with Human TGFβ1 ELISA Kit (ab100647) (Abcam, Cambridge, UK) according to the manufacturer's guidelines and Supplementary Materials.
Fibronectin secretion: Secreted fibronectin levels were measured using an enzyme linked immunosorbent assay (ELISA), known as FBN-C, towards human fibronectin according to the manufacturer's guidelines (Nordic Bioscience A/S, Herlev, Denmark) [22] (Supplementary Materials).
Statistical Analysis
For the significance of differentially expressed protein, the p-value Student's t-test was used and the sig-B [23] . CPA data were considered non-parametric, distributions were described using median and quartiles, and differences in populations tested with the Mann-Whitney U test. Unpaired Student T test was used for the EMT profiler array dataset and genes that presented expression levels with a fold change of 2 and p ≤ 0.05 were considered to be differentially expressed.
Results

Cirrhotic Liver Tissue Scaffold Characterization
The decellularization of the cirrhotic tissue was obtained by adapting the protocol described previously for the decellularization of the 3D healthy human liver scaffolds [17] (Supplementary Materials Table S1 ).
The resultant cirrhotic scaffolds were characterized by translucent appearance when compared to native tissues ( Figure 1A compared to 1D). As part of quality control, the absence of residual cellular components in the ECM scaffold was confirmed by Haematoxylin and Eosin staining ( Figure 1B compared to 1E). The histological evaluation by Sirius Red (SR) staining showed that the general liver tissue architecture of the cirrhotic liver was preserved with the typical nodular architecture and fibrous septa ( Figure 1C compared to 1F), and different compared to the previously described healthy liver 3D architecture [17] . Immunohistochemistry staining showed the presence and the distribution pattern of the major key ECM components after the decellularization process. Collagen type I, collagen type III, collagen type IV, fibronectin, and laminin were all maintained in the acellular tissue ( Figure 1L -P, bottom panel) when compared to the native liver tissue ( Figure 1G -K, upper panel). Moreover, the DNA content was below the accepted threshold of 50 ng/mg of tissue [24] with the average amount of DNA of 7 ± 3 ng/mg (SD = ±3; n = 4) after decellularization i.e., significantly and sufficiently lower compared to the native tissue ( Figure 1Q ). Furthermore, the quantitative measurement of collagen content was performed by determination of Collagen Proportion Area (CPA) in order to quantify fibrillar collagens. CPA showed a significant difference between healthy and cirrhotic 3D scaffolds (p < 0.021: Median normal 7.5%, LQ-UQ 3.8%-11.1% versus cirrhotic median 53.7%, LQ-UQ 40.6%-69%) ( Figure 1R ). for each condition, *** p < 0.0005 native tissue versus 3D scaffold). (R) Collagen proportional area (CPA) showed a significant difference between healthy and cirrhotic 3D scaffolds (** p < 0.021: Median normal 7.5%, LQ-UQ 3.8%-11.1% versus cirrhotic median 53.7%, LQ-UQ 40.6%-69%).
Next, scanning electron microscopy was used to evaluate the impact of the decellularization process on the 3D microstructure of the cirrhotic ECM (Figure 2A -F). The decellularization procedure did not affect the overall 3D architecture of cirrhotic tissues, in comparison to the fresh tissue ( Figure  2A -C) as the resultant cirrhotic scaffolds were characterized by preserved cirrhotic-like nodules, increased network of ECM filaments, as well as a thick network of ECM proteins surrounding the Next, scanning electron microscopy was used to evaluate the impact of the decellularization process on the 3D microstructure of the cirrhotic ECM (Figure 2A -F). The decellularization procedure did not affect the overall 3D architecture of cirrhotic tissues, in comparison to the fresh tissue (Figure 2A -C) as the resultant cirrhotic scaffolds were characterized by preserved cirrhotic-like nodules, increased network of ECM filaments, as well as a thick network of ECM proteins surrounding the hepatocyte pocket ( Figure 2D -F) and this in comparison to healthy liver 3D scaffolds (Supplementary Figure S1 ). In addition, collagen fiber alignment and deposition were further evaluated by second harmonic generation (SHG), which confirmed an increased thickening of fibrillary collagens in the decellularized cirrhotic nodules ( Figure 2G ) when compared with healthy 3D scaffolds ( Figure 2H ). Next, the biomechanical characterization of human liver cirrhotic 3D scaffolds in comparison to healthy liver scaffolds was assessed by atomic force microscopy (AFM) in order to measure tissue stiffness. Calculation of Young's modulus from the AFM force curves demonstrated a significant difference between the stiffness of decellularized healthy 3D scaffolds and decellularized cirrhotic 3D scaffolds (p = 0.0118) ( Figure 2I ). As previously described in other studies on biological scaffolds [25] , the Young's modulus calculated for the decellularized healthy liver tissue was 2.03 ± 0.59 kPa (mean ± SEM). In contrast, the Young's modules calculated for the decellularized cirrhotic liver 3D scaffolds was 5.25 ± 1.09 kPa (mean ± SEM) i.e., approximately three times greater than that of healthy liver 3D scaffolds ( Figure 2I ). Overall, these data confirmed that the 3D liver microanatomy, ultrastructure, and biomechanical properties of both healthy and cirrhotic scaffolds were fully preserved after the decellularization procedure. Figure 1 ). In addition, collagen fiber alignment and deposition were further evaluated by second harmonic generation (SHG), which confirmed an increased thickening of fibrillary collagens in the decellularized cirrhotic nodules ( Figure 2G ) when compared with healthy 3D scaffolds ( Figure 2H ). Next, the biomechanical characterization of human liver cirrhotic 3D scaffolds in comparison to healthy liver scaffolds was assessed by atomic force microscopy (AFM) in order to measure tissue stiffness. Calculation of Young's modulus from the AFM force curves demonstrated a significant difference between the stiffness of decellularized healthy 3D scaffolds and decellularized cirrhotic 3D scaffolds (p = 0.0118) ( Figure 2I ). As previously described in other studies on biological scaffolds [25] , the Young's modulus calculated for the decellularized healthy liver tissue was 2.03 ± 0.59 kPa (mean ± SEM). In contrast, the Young's modules calculated for the decellularized cirrhotic liver 3D scaffolds was 5.25 ± 1.09 kPa (mean ± SEM) i.e., approximately three times greater than that of healthy liver 3D scaffolds ( Figure 2I ). Overall, these data confirmed that the 3D liver microanatomy, ultrastructure, and biomechanical properties of both healthy and cirrhotic scaffolds were fully preserved after the decellularization procedure. 
Proteomic Analysis of Healthy and Cirrhotic 3D Liver Scaffolds
The composition of the ECM ("matrisome") [26] in decellularized healthy and cirrhotic liver scaffolds was qualitatively and quantitatively investigated by a label-free proteomic analysis in three biological repeats processed in triplicate for each condition. By considering the proteins present in at least two replicates in each condition, a total of 1108 proteins were identified and were shared 
The composition of the ECM ("matrisome") [26] in decellularized healthy and cirrhotic liver scaffolds was qualitatively and quantitatively investigated by a label-free proteomic analysis in three biological repeats processed in triplicate for each condition. By considering the proteins present in at least two replicates in each condition, a total of 1108 proteins were identified and were shared between both healthy and cirrhotic scaffolds. By performing a relative quantitative analysis (Max Quant), a total of 173 proteins significantly changed (Student's t-test p < 0.05) (Figure 3 ) between the healthy scaffold and the cirrhotic scaffold matrisomes.
between both healthy and cirrhotic scaffolds. By performing a relative quantitative analysis (Max Quant), a total of 173 proteins significantly changed (Student's t-test p < 0.05) (Figure 3 ) between the healthy scaffold and the cirrhotic scaffold matrisomes. Figure 3 . Proteomic analysis of healthy liver 3D scaffolds and cirrhotic liver 3D scaffolds. The composition of the ECM in decellularized healthy and cirrhotic liver scaffolds was qualitatively and quantitatively investigated by a label free proteomic analysis (n = 3, three biological repeats, processed in triplicate for each condition). A relative quantitative analysis was performed on 1108 proteins showing 173 proteins significantly changed (p < 0.05) between healthy scaffold and cirrhotic 3D scaffold ECM. In 3D healthy scaffolds, 101 proteins were overexpressed, whereas 72 proteins were significantly changed in decellularized 3D cirrhotic liver scaffolds.
In the healthy scaffold dataset, we identified 101 proteins, which were more abundantly present in comparison to the cirrhotic scaffold dataset (Table1). The composition of the ECM in decellularized healthy and cirrhotic liver scaffolds was qualitatively and quantitatively investigated by a label free proteomic analysis (n = 3, three biological repeats, processed in triplicate for each condition). A relative quantitative analysis was performed on 1108 proteins showing 173 proteins significantly changed (* p < 0.05) between healthy scaffold and cirrhotic 3D scaffold ECM. In 3D healthy scaffolds, 101 proteins were overexpressed, whereas 72 proteins were significantly changed in decellularized 3D cirrhotic liver scaffolds.
In the healthy scaffold dataset, we identified 101 proteins, which were more abundantly present in comparison to the cirrhotic scaffold dataset (Table 1) . In the decellularized cirrhotic scaffold dataset, 72 proteins were identified, which were quantitatively increased in comparison to the healthy scaffold ( Table 2 ). ECM proteins such as COL5A1, COL10A1, and the crosslinking enzyme LOXL1; TGFβ1-related proteins such as TGFB1I1, LTBP1, and LTBP4; and integrin-related proteins FLNA, FBN1, and FBLN5 were significantly increased in cirrhotic 3D scaffolds. Overall, this analysis confirmed the preservation of key ECM components in the acellular healthy and cirrhotic scaffold and identified proteins specifically enriched in the cirrhotic ECM.
Cirrhotic ECM Drives EMT Induction
In a next set of experiments, the role of disease-specific liver ECM scaffolds in modulating cell behavior was investigated. To explore the effect of different 3D human ECM substrates in modulating EMT, healthy and cirrhotic scaffolds were reseeded with HepG2 cells. Immunohistochemistry of epithelial cell adhesion molecule (EPCAM) expression showed that cells engrafting the cirrhotic 3D scaffolds were characterized by a mesenchymal-like phenotype and expressed more alpha fetoprotein (AFP) than cells grown in healthy 3D scaffolds ( Figure 4D ). Furthermore, the EMT RT2 PCR profiler demonstrated that cells reseeded on cirrhotic 3D scaffolds, significantly increased the expression of genes involved in differentiation, development, and morphogenesis such as JAG1 and Notch1; growth and proliferation such as TGFβ1 and ZEB1; ECM and cell adhesion with FN1 and CDH2; and motility and cancer EMT-driven aggressiveness with STAT3, FN1, and TGFβ1 ( Figure 4E ). These data, together with the previously obtained proteomics matrisome data of decellularized scaffolds (Figure 3 ), further indicated that the disease-specific ECM composition can modify gene expression and that cirrhotic ECM scaffolds favors EMT-driven pro-carcinogenic signaling pathways. Considering the presence of TGFβ1 associated proteins in the cirrhotic matrisome and TGFβ1 associated response genes, Western blot analysis was performed and demonstrated that TGFβ1 was significantly retained in cirrhotic ECM in comparison to healthy ECM scaffolds ( Figure 4F ). Furthermore, a TGFβ1 ELISA was employed in acellular scaffolds to further explore the possibility that the TGFβ1, embedded in the scaffold, could be released in the culture medium. Data demonstrate a significant release of TGFβ1 in the media of cirrhotic 3D scaffolds when compared to the healthy scaffolds (3.3 ng/mL versus 0 ng/mL, respectively) ( Figure 4G ).
Fibronectin (FN1) is a major scavenger and delivery system for TGFβ1-LTBP1 complex [27] , and the gene expression was upregulated in HepG2 cells during the ECM-induced EMT process ( Figure 4E) . Therefore, the protein expression and secretion was further explored in bioengineered constructs and along these lines, a significant increase in FN1 secretion was observed in cirrhotic scaffolds reseeded with HepG2 over a time period of seven days with a significant increase in bioengineered 3D cirrhotic scaffolds for each time point under investigation ( Figure 4H ). Overall, these data indicate that FN1, a neo-epitope ECM marker of fibrogenesis [22, 28] , was released differently when cells were grown on 3D healthy or 3D cirrhotic ECM scaffolds.
ECM Composition Affects TGFβ1-Induced Phosphorylation of Smad2/Smad3 Signaling Pathway
The evidence so far suggested that gene expression was affected by tissue-and disease-specific ECM components present in healthy and cirrhotic liver 3D scaffolds. In this set of experiments, TGFβ1 downstream signaling pathways were investigated in HepG2 cells grown in both types of 3D scaffolds, with and without TGFβ1 treatment (5 ng/mL and 10 ng/mL). Moreover, cells were pre-treated or simultaneous treated with Galunisertib, a TGFβ-R type 1 inhibitor used in phase 2 trials as second-line HCC treatment [29, 30] . Phosphorylation of Smad2 and Smad3 increased significantly in both types of 3D scaffolds upon TGFβ1 treatment in comparison to non-treated conditions (Figure 5A,B) . Furthermore, phosphorylation of Smad3 was significantly increased when cells were grown in 3D cirrhotic scaffolds upon treatment with TGFβ1 in comparison to cells grown in 3D healthy scaffolds ( Figure 5B ). Total Smad4 did not significantly change in all conditions under investigation ( Figure 5C ). Galunisertib showed to significantly inhibit the TGFβ1-induced phosphorylation of Smad2 and Smad3, indicating that the 3D liver scaffolds can be used as drug screening platform. We further explored the possible involvement of the non-canonical TGFβ1 signaling pathway effector proteins such as the phosphorylation of Akt and Erk. Phosphorylation of Akt showed an increased expression in non-treated HepG2 cells grown in 3D cirrhotic scaffolds versus 3D healthy scaffolds control cells ( Figure 5D ) without any further significant changes upon treatment with TGFβ1 and/or Galunisertib. Phosphorylation of Erk was significantly increased in 3D cirrhotic scaffolds pre-incubated with Galunisertib followed by TGFβ1 exposure, when compared to the same treatment in 3D healthy scaffolds ( Figure 5E ). Overall, these data reinforce the concept that disease-ECM specificity plays a key role in favoring the activation/phosphorylation of the canonical proteins Smad2 and Smad3 in TGFβ1-induced signaling pathway. . The levels of P-Smad3 in TGFβ1-treated samples were further increased in 3D cirrhotic scaffolds versus 3D healthy scaffolds (*** p = 0.005 for TGFβ1 5ng in cirrhotic scaffolds versus TGFβ1 5ng in healthy scaffolds, **** p < 0.0001 for TGFβ1 10ng in cirrhotic scaffold versus TGFβ1 10ng in healthy scaffold). The robust induction in SMAD2 and-3 phosphorylation induced by TGFβ1 treatment was prevented by either pre-treatment (Pre) or simultaneous treatment (Sim) with the TGFβ-R1 kinase inhibitor Galunisertib (10 µM) (δ = p < 0.05 versus TGFβ1 5ng/mL, ξ = p < 0.05 versus TGFβ1 10ng/mL). *= p < 0.05 for the other comparisons.
Discussion
The results of the work presented herein demonstrate that the ECM of human cirrhotic liver is characterized by unique bioactive features promoting the progression of HCC. Up to now, the . The levels of P-Smad3 in TGFβ1-treated samples were further increased in 3D cirrhotic scaffolds versus 3D healthy scaffolds (*** p = 0.005 for TGFβ1 5ng in cirrhotic scaffolds versus TGFβ1 5ng in healthy scaffolds, **** p < 0.0001 for TGFβ1 10ng in cirrhotic scaffold versus TGFβ1 10ng in healthy scaffold). The robust induction in SMAD2 and-3 phosphorylation induced by TGFβ1 treatment was prevented by either pre-treatment (Pre) or simultaneous treatment (Sim) with the TGFβ-R1 kinase inhibitor Galunisertib (10 µM) (δ = p < 0.05 versus TGFβ1 5ng/mL, ξ = p < 0.05 versus TGFβ1 10ng/mL). *= p < 0.05 for the other comparisons.
The results of the work presented herein demonstrate that the ECM of human cirrhotic liver is characterized by unique bioactive features promoting the progression of HCC. Up to now, the possibility of dissecting the role of the pre-carcinogenic acellular tumor microenvironment has been hampered by the lack of adequate models. Indeed, the lack of insights into disease-specific matrisome components, ECM biochemical, and biomechanical properties has challenged our understanding of how cells interact with, and respond to, the microenvironment for decades [31] [32] [33] .
In order to overcome these methodological issues, we adapted our previous protocol established for the development of small-scale healthy human liver 3D scaffolds [17] to obtain cirrhotic human scaffolds. The resultant cirrhotic liver 3D scaffold was characterized by the preservation of the essential biochemical, biomechanical, physical, and topographical properties typical of native human cirrhotic liver tissue including thick ECM fibers surrounding and deforming the hepatocyte-free space and perisinusoidal structures in addition to porto-central fibrotic septa. These changes were further associated with differences in ECM scaffold stiffness and fibrillary collagen amount/distribution typical of the cirrhotic liver [9] . The matrisome of the decellularized healthy and cirrhotic liver 3D scaffolds was further investigated by a label-free proteomic analysis identifying disease-specific ECM components. In particular, this analysis revealed a unique enrichment in ECM proteins associated to the TGFβ/ECM related pathways such as Hic5, LTBP-1, and-4, FBN1, Fibulin-1 and 2, and Fibrillin-1 in cirrhotic scaffolds. Therefore, we postulated that the cirrhotic liver ECM is branded by a bioactive environment potentially favoring HCC development and progression.
To this end, we engineered both cirrhotic and healthy liver ECM scaffolds with the HepG2, a hepatoblastoma cell line known to reproduce many of the features of polarized human hepatocytes [34] , which was primarily employed to explore the pro-carcinogenicity of cirrhotic liver ECM. Cirrhotic liver 3D scaffolds induced a strong increase in EMT when compared with bioengineered 3D scaffolds obtained from healthy liver. These findings confirmed our overall hypothesis that pathological changes in the hepatic ECM microarchitecture, biochemical, and mechanical structure can favor the development of more aggressive neoplastic features.
With the previous observations that the cirrhotic ECM contains an abundant signature of TGFβand ECM-related proteins and it favors a pro-carcinogenic microenvironment, we next addressed the possibility that TGFβ1 was endogenously retained in larger amounts in cirrhotic ECM scaffolds. Indeed, acellular cirrhotic 3D scaffolds contained and released TGFβ1 into the medium and this was not detected when analyzing the acellular healthy ECM. Future studies will define, in detail, the mechanisms by which TGFβ1 is released from the scaffolds, including the detection and characterization of active proteases and or protease inhibitors. We also investigated the regulation of FN1, a key ECM component responsible for binding and stably releasing TGFβ1 in the tissue microenvironment [27] , of which release showed to be upregulated in cirrhotic liver scaffolds. This observation further reinforces the concept that the cirrhotic ECM is provided not only with a remarkable bioavailability of TGFβ1, but also with the necessary machinery for its activation in the tissue microenvironment [35] .
Further, the key role of TGFβ in modulating cell biology in both ECM tissues was also confirmed by the evaluation of the TGFβ downstream signaling pathways [14, 15] in engineered liver ECM scaffolds. Notably, the phosphorylation patterns of TGFβ1 signaling proteins Smad 2 and specifically Smad3 were remarkably different between cells reseeded into healthy and cirrhotic liver scaffolds and upon TGFβ1 treatment. Furthermore, the applicability of the 3D platform was investigated by treating the 3D bioengineered scaffolds with Galunisertib, a TGFβ-R type 1 inhibitor used in phase 2 trials as second-line HCC treatment [29, 30] . The treatment significantly inhibits the TGFβ1-induced phosphorylation of Smad2 and Smad3, thus indicating that the 3D liver scaffolds in vitro model can be used as drug screening platform.
Overall, the data provided by the present work highlight that the unique disease-specific ECM environment affects both cell differentiation and function i.e., recapitulating those processes that are important during progressive fibrogenesis, HCC development, and progression [36] [37] [38] .
In conclusion, we herein describe, for the first time to our knowledge, a novel 3D human liver ECM platform derived from human cirrhotic liver. The in vitro biocompatibility and bioactivity of disease-specific ECM was tested by bioengineering with cancer cells, for its potential in recapitulating leading pathways in HCC development and progression. The inherent features of cirrhotic ECM were for the first time dissected and characterized as key pro-carcinogenic components in HCC. In addition, the role of TGFβ1, a key player in driving EMT progress during cancer development, was further characterized in terms of its relationship with the cirrhotic ECM. This new methodology will likely expand the knowledge of the role of tissue-specific and disease-specific extracellular components in fibrosis and cancer cell progression with the possibility of identifying new potential therapeutic targets for drug development.
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